Using a Cr:ZnS wafer as the saturable absorber, diode-pumped passively Q-switched mode-locking of a Tm:YAP laser at 1976 nm has been realized for the first time, to the best of our knowledge, and nearly 100% modulation depth of Q-switched mode-locking was achieved. The width of the mode-locked pulse was estimated to be about 980 ps with a repetition rate of 350 MHz within a roughly 300-ns-long Q-switched pulse envelope. A maximum output power of 940 mW was obtained, corresponding to the Q-switched pulse energy of 0.55 mJ. The emission wavelength evolution between the continuous-wave and Q-switched mode-locked operations was presented and discussed. The experimental results indicate that the Cr:ZnS absorber is a promising saturable absorber for passively Q-switched mode-locking operation around 2 μm.
INTRODUCTION
Owing to the advantage of the eye-safe spectral range, thuliumdoped solid-state lasers near ∼2 μm are in great demand for a variety of applications, such as molecular spectroscopy, atmospheric sensing, radar systems, and medical diagnostics [1] [2] [3] . Based on the ∼2 μm pulsed laser sources, highly efficient radiation in the mid-infrared region can be easily achieved by an optical parametric oscillator or amplifier [4] . Therefore, both continuous-wave (CW) and pulsed laser operations at a wavelength of ∼2 μm have attracted much attention over the last few years. As a result, various laser materials including Tm: YLF, Tm:YAG, Tm:KLW, and Tm:SSO have been successfully studied and reported. Besides, YAP is another kind of interesting Tm-doped gain medium with comparable thermal and mechanical strength to those of YAG crystal. In comparison with Tm:YAG crystal, not only is the emission cross section of Tm:YAP (5 × 10 −20 cm) more than twice that of Tm:YAG crystal (2.2 × 10 −20 cm) [5] , but the natural birefringence of YAP also dominates the thermally induced birefringence, which could greatly suppress the thermally induced degradation to a certain extent and generate linearly polarized emission.
Simultaneously Q-switched and mode-locked (QML) lasers can generate ultrashort pulses with higher pulse energy and peak power than those of CW mode-locking (CWML). To date, several types of saturable absorbers (SAs) have been successfully employed to realize QML operation around 2 μm, such as semiconductor saturable absorption mirrors (SESAMs) and single-walled carbon nanotubes (SWCNTs) [6] [7] [8] . Among these materials, the fabrication of traditional SESAMs requires complex and costly growth techniques, such as metal-organic chemical-vapor-phase deposition (MOCVD) and molecular beam epitaxy (MBE) [9, 10] . For SWCNTs, the large surface area of tubular shape results in much scattering loss, which seriously affects the stability and efficiency of the laser cavity. Recently, graphene has been identified as an ideal SA for 2 μm lasers due to its attractive merits, including zerobandgap structure, low saturation intensity, ultrafast recovery time, and controllable modulation depth. With graphene as a SA, passively mode-locked and Q-switched 2 μm lasers have been realized [11] [12] [13] . However, the low damage threshold limited the output power scale and operation stability of graphene-based pulsed lasers at 2 μm. Besides, the QMLs of flash-lamp-pumped Cr 3 ; Tm 3 ; Ho 3 :Y 3 Sc 2 Al 3 O 12 and diode-pumped Tm:KYW lasers were achieved using PbS quantum-dot-doped glass as the SA [14, 15] . Compared with the above-mentioned SAs, the Cr:ZnS absorber has a relatively higher absorption cross section and lower saturable intensity of ∼14 kW∕cm 2 [16] , which are favorable for the onset of Q-switched mode-locking. Moreover, the Cr:ZnS crystal is inherently capable of a high optical damage threshold of 1.5 J∕cm 2 [17] and large thermal conductivity of 0.27 Wcm −1 K −1 [18] , suitable for high-energy and peak power pulsed lasers. In particular, the Cr:ZnS absorber shows great potential for passive Q-switching of rare-earth-doped lasers on account of the roughly one order of magnitude higher absorption and emission cross sections than those of rare-earth ions around 2 μm. Currently, the Cr:ZnS SAs have been applied in many kinds of passively Q-switched lasers at 2 μm, such as Tm:LiLuF 4 , Tm,Ho:YLF, Tm; Ho:GdVO 4 , and Tm:YLF [19] [20] [21] [22] . However, as far as we know, there has been no report on the QML laser with Cr:ZnS as the SA around 2 μm.
In this paper, for the first time to our best knowledge, we report on a diode-pumped passively QML Tm:YAP laser operating at 1976 nm by using Cr:ZnS as the SA. Nearly 100% modulation depth of Q-switched mode-locking has been achieved. The width of the mode-locked pulse was estimated to be about 980 ps with a repetition rate of 350 MHz within a roughly 300-ns-long Q-switched pulse envelope. A maximum average output power of 940 mW was obtained from the QML laser, corresponding to the highest Q-switched pulse energy of 0.55 mJ. The experimental results indicate that the Cr:ZnS SA is a promising material for the passive QML laser operation around 2 μm.
EXPERIMENTAL SETUP
The QML laser was realized in a V-type cavity, as schematically shown in Fig. 1 . The pump source was a fiber-coupled laser diode working at 792 nm with a numerical aperture of 0.22. The pump beam was collimated and focused into the Tm:YAP crystal with a spot waist radius of 200 μm by a 1∶1 coupling optics system. A 7-mm-long a-cut Tm:YAP crystal with thulium concentration of 3 at. % was used as the gain medium, with a cross section of 3 mm × 3 mm. It was antireflection (AR) coated for the pump and laser wavelengths on the both end sides. To remove accumulated heat, the crystal was wrapped with indium foil and tightly mounted in a copper block cooled by water at a temperature of 19°C. The concave mirrors M 1 (R 1000 mm) and M 2 (R 200 mm) were employed as the input and folded mirrors, respectively, both of which were AR coated at 790 nm and high-reflection (HR) coated with a broad band from 1.9 to 2.1 μm. M 3 was a flat output mirror with different transmissions of 2% and 5% at 2.0 μm. The distances among the M 1 , M 2 , and M 3 were 185 and 243 mm, respectively. The folded angle of mirror M 2 in the V-type cavity was as small as possible to decrease the astigmatism between the oscillation modes of sagittal and tangential directions. A 1-mm-thick Cr:ZnS wafer was employed as the SA, which was AR coated at 2 μm on both faces. A home-built passively mode-locked Tm:YAP laser at 2 μm was used to measure the saturable absorption property of the Cr:ZnS SA. The small-signal transmission ratio, modulation depth, and nonsaturable loss at 2 μm were estimated to be about 82.2%, 13.8%, and 4%, respectively. The laser pulse signal was recorded by a Tektronix DPO7104 digital oscilloscope (1 GHz bandwidth) and an InGaAs detector (ET-5000, with rise time of 28 ps). The average output power and spectra were measured by a laser power meter (Fieldmax-II, coherent) and an optical analyzer (Avantes, AcaSpec-3648-NIR256-2.2), respectively.
RESULTS AND DISCUSSION
Kärtner et al. have derived a criterion for the onset of Qswitched mode-locking, which can be expressed as follows [23] :
where σ gs and σ are the ground absorption cross section of the SA and the stimulated emission cross section of the gain medium, A G and A S are the mode areas on the gain medium and SA, and q 0 q 0 0.82 is the initial transmission of the SA. Due to the smaller stimulated emission cross section (σ 5 × 10 −20 cm) of the Tm:YAP crystal and the larger ground-state absorption cross section (σ gs 1.5 × 10 −19 cm) of Cr:ZnS SA around 2 μm [24] , Eq. (1) could be easily satisfied in our laser cavity configuration, where A G ∕A S 2.7. Therefore, the laser should operate in the QML regime as soon as the absorbed pump power exceeds the oscillation threshold.
When the pumped power was under a low level, the low photon intensity in the laser cavity made Cr:ZnS act as an effective SA only for Q-switching. To enhance the optical intensity in the SA, the mode size on it should be small. In our work, we employed a V-type cavity providing two beam waists inside the cavity, one of which was for the laser crystal to match the pump beam mode. The other one provided a suitable spot size for the Cr:ZnS SA to be easily bleached. According to the ABCD matrix theory and considering the thermal lensing effect of the laser crystal, the TEM 00 mode radii on the gain medium and SA remained at about 180 and 110 μm, respectively. Without SA in the cavity, CW Tm:YAP lasers were first investigated with different output couplers. The dependence of the output powers on the absorbed pump powers is depicted in Fig. 2 . The absorbed pump power (P abs ) was determined from the incident pump power (P in ) by P abs ηP in . Here, η is the pump light absorption efficiency, which was measured to be about 50%. As shown in Fig. 2 , the output power increased almost linearly with the augmentation of absorbed pump power. No saturation of the output power was observed in experiment, which means that a higher pump power can be achieved with more pump power. However, the absorbed pump power was limited to 8.4 W to prevent damage on the crystal. With different output couplers of 2% and 5%, maximum output powers of 2.4 and 3 W and threshold pump powers of 0.9 and 1.1 W were obtained, cor- responding to optical conversion efficiencies of 28% and 35% and slope efficiencies of 32% and 41%, respectively. At the maximum output power, the power instability was observed to be less than 1% over 1 h.
With the Cr:ZnS crystal inserted into the cavity, the oscillation thresholds increased to 2.35 and 2.39 W, respectively, for the OC of T 2% and 5%. As in the former theoretical analysis, the laser ran in the QML regime as soon as the absorbed pump power exceeded the oscillation threshold for both OCs, which was independent of the transmission of output couplers. The highest average output power of 940 mW was obtained with a T 5% output coupler at an absorbed pump power of 8.4 W. When the output coupler of T 2% was employed, damage on the Cr:ZnS wafer occurred because the intracavity optical intensity was greatly increased. Therefore, the resonator became inefficient and even unstable, delivering a maximum average output power of 490 mW. The emission spectrum was measured as depicted in Fig. 3 , and the emission wavelength peaks were located at 1991 and 1976 nm with FWHM of 8 and 14 nm for CW and QML operations, respectively. The spectrum was evidently broadened and shifted to the shorter wavelength side after inserting the Cr:ZnS crystal into the cavity. Such blue-shift phenomenon was attributed to the introduced intracavity loss by the inserted Cr:ZnS wafer in such a Tm-doped three-level laser system.
The relationship between the repetition rates of the Qswitched envelope and the absorbed pump power is plotted in Fig. 4 . With output coupler of T 5%, the pulse repetition rate slightly decreased when the absorbed pump power exceeded 7.4 W. Nonetheless, the reduction of the repetition rate enhanced the pulse energy. Meanwhile, up to 0.55 mJ of single QML pulse energy was achieved under a repetition rate of 1.7 kHz at an absorbed pump power of 8.4 W. This recorded pulse energy is about 17 times greater than the best result of 32.1 μJ ever achieved with CW diode-pumped QML Tmdoped lasers [8] , which benefited from the high optical damage threshold and large thermal conductivity of Cr:ZnS SA. Figure 5 (a) shows a typical Q-switched pulse train with a repetition rate of 1.9 kHz, in which the pulse-to-pulse instability was found to be less than 5%. As shown in Fig. 5(b) , a nearly fully modulated QML pulse envelope was yielded within a 300-nslong Q-switched envelope. And it was achieved as soon as the absorbed pump power reached the oscillation threshold. Figure 5 (c) shows that the mode-locked pulses within the Q-switched pulse envelope were separated by about 2.8 ns, which was consistent with the cavity round-trip transmission time and corresponded to a repetition rate of ∼350 MHz. For the QML laser, the pulsewidth could not be easily measured by an autocorrelator, so we calculated the pulsewidth roughly using the formula [25] t mea ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi t 
which describes the relationships among the measured rise time t mea of the pulse, the real rise time t real of the pulse, the rise time t pho of the photodiode, and t osc of the oscilloscope employed. The rise time of the oscilloscope depends on t osc × BW 0.35-0.4, where BW is the bandwidth of the oscilloscope. The employed oscilloscope and photodetector had a bandwidth of 1 GHz and a rise time of about 28 ps, respectively. With a close observation of expanded traces of mode-locked pulses in Fig. 5(c) , the rise time of the mode-locked pulse was estimated to be about 880 ps. Therefore, the real rise time of the mode-locked pulse was about 780 ps according to Eq. (2) . Based on the definition of the rise time 
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Vol. 54, No. 14 / May 10 2015 / Applied Opticsand considering the symmetric shape of the mode-locked pulse, we assumed that the width of the pulse was approximately 1.25 times greater than the rise time of the pulse. Then the duration of the mode-locked pulse was estimated to be less than 980 ps.
CONCLUSION
In summary, Q-switched mode-locking of a Tm:YAP laser operating at 1976 nm with Cr:ZnS as the SA has been demonstrated for the first time, to the best of our knowledge. Nearly 100% modulation depth of mode-locking has been achieved. The width of the mode-locked pulse was estimated to be less than 980 ps with 350 MHz repetition rate underneath an about 300-ns-long Q-switched pulse envelope. A maximum output power of 940 mW with a Q-switched pulse energy of 0.55 mJ was realized. Our experiment results indicate that the Cr:ZnS absorber is a promising SA for passive QML laser operation around 2 μm.
